Quasicrystal-strengthened Mg-Zn-RE (RE � rare-earth element) alloys have been investigated extensively due to their excellent mechanical properties. Here, we prepare quasicrystal-strengthened Mg-7.2Zn-2.4Gd (wt.%) alloy with different concentrations of Ca addition (0, 0.16, 0.32, and 0.64 wt.%) by traditional gravity casting, followed by extrusion at 573 K with the extrusion ratio of 9 : 1. e microstructure and room temperature tensile properties of as-cast and as-extruded alloys are characterized. With the addition of the trace amount of Ca, the I-phase tends to transfer into W-phase due to the appearance of Mg 2 Ca and Mg 6 Zn 3 Ca 2 . As a consequence, the mechanical properties of the as-cast Ca containing alloys are downgraded. After extrusion, in comparison to the as-cast alloys, microstructure of the four types of alloys is refined and mechanical property is enhanced greatly. With the increasing of Ca concentration, the grain size is decreased gradually. However, the yield strength of the alloys is decreased to about 230 MPa and then up to 269 MPa, while the elongation increases first from 12.9% to 13.6% yet then decreases to 9.9%.
Introduction
After the first discovery of a quasicrystalline phase by Shechtman et al. in 1984 [1] , a lot of studies have been carried out on the structure and properties of the quasicrystal phase. Researchers originally thought that the quasicrystal phase only can be formed during high cooling rate solidification. Until Luo et al. [2] found quasicrystals can be formed in traditional casting Mg-Zn-RE alloys, the magnesium alloys reinforced with quasicrystals, such as Mg-Zn-Y [3] [4] [5] [6] and Mg-Zn-Gd [7] [8] [9] [10] [11] [12] alloys, are receiving considerable attention and eliciting widespread interest in materials world. I-phase has many advantages such as high hardness, high thermal stability, low coefficient of friction, and low interfacial energy [13] , and it was reported that there was a definite orientation relationship and good atomic match between I-phase and α-Mg matrix, which leads to the high tensile strength of 308 MPa and the large plasticity of 16 .4% of Mg-Zn-Gd alloy at room temperature [10, 14] . In addition, the Mg-Zn-Gd alloy also shows a high strength of 117 MPa and a high elongation of 82.5% at 473 K due to the high thermal stability of I-phase and the high cohesion of I-phase with the matrix [15] .
erefore, the Mg-Zn-RE alloy reinforced with I-phase shows a good prospect of application.
Lots of works have been done on Mg alloys containing Ca [16] [17] [18] and found that Ca addition can refine the grain size and improve the high-temperature behavior of magnesium alloys [19] . For example, the grain size of the as-cast Mg-Zn-Mn-Ca significantly decreased with the increasing of Ca content up to 0.5 wt.% [16] , and Chen et al. [20] reported that the microstructure of the AZ91 magnesium alloy is clearly refined with Ca addition. After thermal-mechanical processing, Ca can strengthen and toughen the Mg alloys by the newly formed Ca-containing particles, which can retard the growth of the dynamic recrystallization grains and refine the grain size of extruded Mg-Zn-Ca alloys [18] . In addition, Zhang et al. [17] reported that with a low content of Ca from 0 to 0.5%, the extrusion textures were greatly weakened due to the particle stimulated nucleation of recrystallization (PSN), and then tensile properties of the alloys increased obviously. However, the addition of the Ca for magnesium is limited, further increasing of Ca content higher than 0.5 wt.% for ascast Mg-Zn-Mn-Ca did not refine the grain more [16] , and the mechanical properties decreased after 2 wt.% addition of Ca for AZ91 magnesium alloy due to the Al 4 Ca phases distributed at the grain boundaries [20] . erefore, adding trace amount of Ca is beneficial to grain refinement, texture randomization, and tensile mechanical properties improvement, and excessive addition of Ca is harmful to mechanical properties.
Aiming to improve the mechanical properties of the MgZn-Gd alloys reinforced with I-phase, Ca was selected for alloying element in this study. Different Ca concentrations were selected for addition into Mg-7.2Zn-2.4Gd alloy. e microstructure and mechanical properties of as-cast and as-extruded Mg-7.2Zn-2.4Gd-xCa (x � 0, 0.16, 0.32, and 0.64 wt.%) alloys were characterized, and the effects of the Ca addition on quasicrystal-strengthened Mg-7.2Zn-2.4Gd alloy were discussed.
Experimental Procedures
Four studied alloys with a nominal composition of Mg-7.2Zn-2.4Gd-xCa (x � 0, 0.16, 0.32, and 0.64 wt.%) were designed for this study. ese alloys were prepared by using electric resistance melting and traditional gravity casting with pure Mg (99.9%), Zn (99.9%), Mg-87%Gd (wt.%), and Mg-30%Ca (wt.%) master alloys under the protection of a mixed gas atmosphere containing SF 6 (1 vol.%) and CO 2 (99 vol.%). e melt was homogenized at 1023 K for half an hour and then cooled to 1003 K. en the melt was poured into a steel mould which was preheated to 473 K. e ingots used for extrusion were machined into billets with a dimension of 60 mm in diameter and 60 mm in height. ese billets were preheated at 573 K for 1 hour before extrusion and then extruded at 573 K with an extrusion ratio of 9 : 1 at a speed of 2 mm × s −1 followed by cooling in water. For optical microscopy (OM) observations, the as-cast samples were etched by 4% nitric acid + 96% alcohol, and the as-extruded samples were etched with an etchant containing 1 g of oxalic acid + 1 ml of nitric acid + 1 ml of acetic acid + 150 ml of distilled water. To characterize the composition of the second phase, energy dispersive X-ray spectroscopy (EDS) analysis and X-ray diffraction (XRD) with the Cu Kα radiation were conducted. Tensile tests were performed at room temperature on a Zwick/Roell Z020 testing machine. e extruded rods were cut into dog bone tensile test specimens (specimen gauge of 15 mm in length) along the extrusion direction and then grinded by SiC papers. At least three specimens were tested with an initial strain rate of 0.6 mm × s −1 for each alloy.
Results

Microstructure and Mechanical Properties of As-Cast
Alloys. e optical microstructures of as-cast Mg-Zn-Gd (-Ca) alloys are shown in Figure 1 . e Ca-free alloy exhibits a dendritic microstructure (Figure 1(a) ), which was mostly composed of I-phase, Mg 4 Zn 7 , and a little W-phase as reported in our previous study [10, 12] . With the addition of Ca from 0.16 wt.% to 0.32 wt.%, when the Ca addition increased to 0.64%, the amount of the second phase was larger than the other three alloys, and most of the second phase tends to become mesh like ( Figure 1(d) ). In order to further identify the composition of the second phase and find out the phase evolution after the different addition of Ca, X-ray diffraction analysis (XRD) was conducted and the results are shown in Figure 2 , which reveals that the second phase in Ca-free alloy mostly consists of Mg 4 Zn 7 and I-phase as mentioned above. With the addition of Ca, there appears Mg 2 Ca and Mg 6 Zn 3 Ca 2 in the alloys, which is consistent with the previous study about Mg-Zn-Ca alloy [18, 19, 21] .
In addition, it is interesting to note that the peak of I-phase tends to disappear with the increasing of Ca addition while the peak of W-phase tends to be more obvious. To confirm this second phase transition, SEM observation and EDS analysis were conducted. e SEM images of as-cast alloys are shown in Figure 3 ; it can be seen that the second phase is mostly dendritic-like, and the island-like second phase increased with the increase of Ca content which was consist with the optical observation. And the EDS analysis results of the points marked in Figure 3 are listed in Table 1 . It is clear to see that with the increase of the amount of Ca addition, the second phase changed from I-phase to W-phase with the appearance of Ca containing phases such as Mg 2 Ca and Mg 6 Zn 3 Ca 2 , which confirms the result of XRD. In addition, it can also be seen that the island-like phase which increased with Ca content was the Cacontaining phase as shown in Table 1 .
erefore, with the addition of Ca, there were more Cacontaining phases such as Mg 2 Ca and Mg 6 Zn 3 Ca 2 appearing in the alloys, which can cause the amount of Zn combined with Gd decreased. As a consequence, the I-phase tends to transfer to W-phase which has low Zn content. e islandlike second phase which appeared after the addition of Ca was detected as the Ca-containing phase. And when the addition of Ca increased to 0.64%, the I-phase was hardly detected in the alloy and more Ca-containing phase generated, the volume fraction of the second phase increased, and the microstructure tended to be mesh like. Figure 4 shows the representative tensile stress-strain curves of the as-cast alloys. It can be seen that the ultimate tensile strength (UTS), yield strength (YS), and elongation of as-cast Mg-7.2Zn-2.4Gd are 205 MPa, 58 MPa, and 7.1%, respectively. However, it is obvious to see that, with the addition of Ca, the UTS, YS, and elongation were all decreased. e YS increased from 49 MPa to 55 MPa with the increase in Ca addition from 0.16% to 0.64% due to the increase of the second phase.
e elongation increased a little from 6.9% to 7.2% with the increase in Ca addition from 0.16% to 0.32%, while decreased to 6.5% when the Ca addition increased to 0.64% due to the stress concentration around the large second phase which can be found more in the 0.64% Ca-containing alloy, and this stress concentration can finally lead to fracture.
2
Advances in Materials Science and Engineering
Microstructure and Mechanical Properties of As-Extruded
Alloys. Figure 5 shows the microstructures of the asextruded Mg-Zn-Gd(-Ca) alloys which were extruded at 573 K with an extrusion ratio of 9. e dendritic second phase was crushed and distributed along the extrusion direction as the form of black band structure which can be found in Figure 5 . It can be seen that the black band structure increased with the increase in the addition of Ca. Figure 6 shows the representative tensile stress-strain curves of the as-extruded alloys. It can be seen that the mechanical properties were greatly enhanced after being extruded. e ultimate tensile strength (UTS), yield strength (YS), and elongation of as-extruded Mg-7.2Zn-2.4Gd are 286 MPa, 250 MPa, and 12.9%, respectively. With the increase in Ca addition to 0.16% and 0.32%, the YS decreased to 230 MPa and 234 MPa, respectively, while the elongation does not have obvious improvement, which was around 13.6%. It is obvious that the elongation decreased to 9.9% when the Ca addition increased to 0.64%, while the YS improved sharply to 269 MPa.
Discussion
E ect of Ca Addition on Microstructure.
During the solidi cation of Mg-Zn-Ca alloys, a binary eutectic reaction (L ⟶ α-Mg + Mg 2 Ca) occurs at about 430°C and then a second binary eutectic reaction (L ⟶ α-Mg + Mg 6 Zn 3 Ca 2 ) occurs at about 400°C when the Zn/Ca atomic ratio is more than 1.2 [21] . In this study, the Zn/Ca atomic ratio is far more than 1.2, so Mg 2 Ca and Mg 6 Zn 3 Ca 2 might precipitated in the matrix during solidi cation. XRD analysis (Figure 2 ) conrmed that Mg 2 Ca and Mg 6 Zn 3 Ca 2 were precipitated during 
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solidification. e EDS analysis confirmed further that the island-like second phase in OM images ( Figure 1 ) and SEM images ( Figure 3) is Mg 2 Ca and Mg 6 Zn 3 Ca 2 . At the same time the precipitation of Mg 2 Ca and Mg 6 Zn 3 Ca 2 consumed the Zn element. As we know, the Zn/Gd ratio has an effect on the secondary formation of quasicrystal-strengthened Mg-Zn-Gd. erefore, with the addition of Ca, there were more Cacontaining phases such as Mg 2 Ca and Mg 6 Zn 3 Ca 2 appearing in the alloys, which can cause the amount of Zn combined with Gd to decrease. As a consequence, the I-phase tends to transfer to W-phase which has low Zn content. e island-like second phase (Figure 3) , which appeared after the addition of Ca, was detected as the Ca-containing phase. And when the addition of Ca increased to 0.64%, the I-phase was hardly detected in the alloy and more Ca-containing phases generated, the volume fraction of the second phase increased, and the microstructure tended to be mesh like.
Ca can refine the grain size of deformed magnesium alloys [16] [17] [18] . In this study, with the Ca addition increased from 0 to 0.64%, the recrystallization during the hot extrusion was more complete, and the grain size was significantly refined. With the increase of Ca, there are more second phase precipitated in the alloys after solidification (Figure 1 ), which are crushed during deformation ( Figure 5 ) and can block the dislocation during hot extrusion. en, the accumulation of dislocation can accelerate the dynamic recrystallization, which is similar to the particle-stimulated nucleation (PSN) [22, 23] . On the contrary, the crushed second phase can retard the grain growth of the dynamic recrystallization at the same time. erefore, with the Ca addition, the grain of the deformed alloys re ned and volume fraction of the recrystallization grains increased ( Figure 5 ).
E ect of Ca Addition on Mechanical
Properties. e interface between intermetallic particles and the matrix is very important to tensile properties. When the interfacial strength is weak, cracks will easily initiate at this zone and then propagate along the interface, nally resulting in the failure of Mg alloys in the early stage during tensile tests [24] . Hence, with the increase of the volume fraction of the secondary phase, the strength of the alloys will increase and compensate with the decrease in elongation. However, previous studies con rmed that the interface between I-phase and matrix is smooth, and the high symmetry of I-phase provides greater chances that one of its faces will have a local atomic match with one of the planes of the matrix, so the I-phase is unlikely to be a source of cracks [12, 14, 15] . erefore, the decrease of the tensile properties of the as-cast alloys with Ca addition may be caused by the decrease of I-phase and the increasing of crystal second phase such as W-phase and Ca-containing phase, although the grain size was re ned after Ca addition. For the three as-cast Ca-containing Mg-7.2Zn-2.4Gd alloys, on one hand, grain size re ned by Ca addition is bene cial to strength and elongation increment; on the other hand, I-phase precipitates transformed to W-phase and Cacontaining phases, such as Mg 2 Ca and Mg 6 Zn 3 Ca 2 , which is harmful for mechanical properties. Hence, Ca addition has a best value. e e ect of Ca concentration on the mechanical properties of the as-cast alloys can be concluded according to Figure 4 . With the increasing of the Ca concentration from 0.16 to 0.64 wt.%, the YS increased gradually; although the absolute increment is only 6 MPa, the increasing rate is about 12%. e UTS is basically decreased gradually, and it is rapidly worsened with the increase of Ca addition. e elongation increased in the rst stage and then decreased.
erefore, the optimized concentration of Ca addition is about 0.32 wt.% for as-cast Mg-7.2Zn-2.4Gd alloy in this study.
After extrusion, the grain size was re ned obviously by dynamical recrystallization and the second phase was broken into small particles, which greatly contributed to the increment of tensile properties. For the four as-extruded alloys, the e ect of Ca concentration on the tensile properties of the alloys can be concluded according Figure 4 . Although the amount of the second phase was increased little with the increase in Ca addition from 0 to 0.32%, the strength of the alloy was decreased due to the reduction of I-phase, which can signi cantly enhance the strength of the alloy. It has been reported that the elongation increased rst and then decreased with the increasing of Ca content, and it was caused by the increasing content of Mg 2 Ca which dispersed at the grain boundary and could be the crack source [16, 25, 26] . is phenomenon also can be found in present study, in which the 0.32% Ca-containing alloy exhibited the best elongation. When the Ca addition increased to 0.64%, the increasing amount of Mg 2 Ca and other larger second phase which can cause stress concentration lead to the decrease of the elongation and increase of strength.
Conclusion
With the addition of Ca, Mg 2 Ca and Mg 6 Zn 3 Ca 2 appear in the alloy and the I-phase tends to transfer into W-phase. As a consequence, both strength and elongation of the as-cast alloys are somewhat decreased. e optimized concentration of Ca addition is about 0.32 wt.% for as-cast Mg-7.2Zn-2.4Gd alloy. After extrusion, the grain size is found to be re ned obviously with the addition of Ca and the elongation is somewhat enhanced to 13.6% when the Ca addition is increased to 0.32%. e elongation begins to decrease sharply when the Ca addition is increased to 0.64% due to the increased amount of large second phases, which can cause stress concentration, resulting in fracture.
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